An acidic cation exchange resin has been used to prepare epoxidised castor oil (ECO) which was used as a co-plasticizer with epoxidised soyabean oil (ESBO) for processing polyvinyl chloride (PVC). The structure of ECO was confirmed and its physico chemical properties were evaluated. PVC/ (ESBO&ECO) blends were prepared by melt mixing and compression molded into sheets. The specimens were evaluated for tensile properties, impact strength and hardness. While the tensile strength did not vary much, the elongation reduced with the replacement of ESBO with ECO. Dynamic mechanical studies revealed that the glass transition temperature increased with incorporation of ECO, however, the storage modulus was not altered much. Replacing 20% of ESBO with ECO resulted in blends with desired thermal and mechanical properties without affecting the processability of PVC.
Introduction
Processing of PVC requires additives that lead to balance between processing properties, functional characteristics, durability, cost and environmental impact. Sustainable additives such as isosorbide esters, soya derivatives or hydrogenated phthalate of low molecular weight polymers and reactive plasticizers have been used for processing PVC. Among them, ESBO and isosorbide diesters, obtained from vegetable oils are renewable resources, having excellent plasticizing properties for PVC and represent a non-toxic alternative to the phthalates [1] [2] [3] . However, in India, soybean oil is not produced much and being edible it goes largely for domestic consumption. Among the various non edible oils, castor oil is abundantly available and India contributes to about 55-60% to the world production.
The two main routes to functionalize vegetable oils include the transformation at the ester linkages or double bonds. Among the two approaches, epoxidation is the most commonly used route for functionalizing triglycerides. According to reported literature, castor oil was subjected to epoxidation by using a mole ratio of 1:0.5:1.5 (double bond: Acetic acid: hydrogen peroxide) using Amberlite IR 120 as catalyst (10%) at a temperature of 50°C [4] Jin et al. synthesized ECO from castor oil (91.8 g, 0.14 mol), glacial acetic acid (21.0 g, 0.35 mol), Amberlite (23 g), toluene (40 g), and 30% H2O2 (56.7 g, 0.5 mol) (oxirane value 2.8%) [5] . Chakrapani et al. employed methyltri-n-octylammonium diperoxotungstophosphate (MTTP) as catalyst using both 30 and 50% hydrogen peroxide to synthesize ECO with an oxirane value of 3.6-3.5% [6] . Epoxidation of castor oil was carried out with in situ formed peracetic and performic acids as the oxidizing agents using cationic ion-exchange resins as catalyst by Goud et al. [7] . In this work, comparison of the kinetics of the epoxidation of castor oil with performic and peracetic acid generated in situ in presence of cation exchange resin (Amberlite IR-120) as catalyst at 30, 50, 70, 85°C was carried out. Reports on the formation of castor oil epoxide as biolubricant using Amberlite IR 120 as catalyst (15%) mass suggested an oxirane value of 4.86 (against 5.05) with 96% conversion [8] .
Among the castor oil derivatives, ricinoleates and epoxidised ricinoleate are reported as plasticizers for PVC [9] . Synthesis and potential application of flame retardant plasticizer from vegetable oil for PVC based on castor oil have also been reported [10] [11] [12] [13] [14] . Phosphorus containing castor oil based derivative was synthesized and characterized which was used as an internal flame retardant plasticizer after alkynylation and covalently linked to azide functionalized PVC matrix via click chemistry. The method not only prepared soft PVC materials without migration but also provided a general method for efficient use of vegetable oil based plasticizer [12] . Castor oil based polyol esters (COPE-1, ECOPE-1, COPE-2 and ECOPE-2) were used as primary plasticizer to process PVC. The results showed that castor oil based polyol esters could significantly improve thermal stability of PVC blends [15] Castor oil derivative containing synergistic flame retardant groups of nitrogen and phosphorus was used to modify PVC through click reaction resulting in flexible PVC materials with zero migration and enhanced flame retardant property [16] .
Acetylated castor oil is used worldwide as a secondary plasticizer for PVC, it finds extensive use in PVC electrical cable industries where it is used with primary plasticizers like Dioctyl Phthlate (DOP) or Tricresyl phosphate (TCP) in concentrations ranging from 10-20% [17, 18] . Epoxidised acetylated castor oil imparts flexibility and improves thermal stability to vinyl and may be used as a sole plasticizer in compositions where in the plasticizer content does not exceed 45% [19] . In addition to this acyloxy or aryloxy ester prepared from hydroxy stearic acid were evaluated as plasticizer for PVC copolymer. Many of them were found to be primary plasticizer having outstanding low temperature performance when employed or used at a 35% level [20] . Acetyl ester of ricinyl ester of pentaerythritol could be incorporated as sole plasticizer up to 100 per hour level without showing any sign of incompatibility [21] . Acetylated ricinoleates of lower alcohols are also useful for wetting and dispersing fillers and pigments. Methyl ester is generally compatible and is an all purpose plasticizer. It is considered superior to all other castor oil derivatives because it gives very low brittle point temperature and flexural modulus. Other important properties favoured by methyl acetyl ricinoleate are stabilization of organosols and plastisols and ease of processing by virtue of its antistick character. Epoxidised acetylated di ricinoleate of dihydric organic compound produced by epoxidation of acetylated ethylene glycol diricinoleate and phthalyl ester of alkyl ricinoleates have also been tried for compounding PVC [22, 23] .
Literature reports suggest that there are no studies on the utilization of ECO with high oxirane value as plasticizer/co-plasticiser for processing PVC. Hence in the present work, ECO (high oxirane value) has been tried as a co-plasticiser with ESBO. The method provides a versatile way to prepare bio-plasticizer from vegetable oils, and it is expected to partially replace petroleum-based plasticizer in PVC materials manufacture. Resin catalysed epoxidation reactions have been reported to exhibit better conversions and yield. Since Amberlite is imported and not available easily, we have tried Seralite SRC-120 as a substitute for Amberlite to epoxidise castor oil with good conversion and yield.
Materials
Castor oil (BSS grade) was procured from Ramcharan oil mills, Hyderabad. Hydrogen peroxide (LR, 30% v/v), and acetic acid (glacial, extrapure) were purchased from Rankem and Seralite SRC 120 (strongly acidic cation exchange resin) was purchased from SRL chemicals. PVC (suspension grade-K67) was procured from local distributors of Chemplast Sanmar Ltd. in Hyderabad, India with apparent density of 0.535-0.585 gcm -3 and VCM content of  1 ppm. ESBO (oxirane value 6.3, sp. gr. 0.97-0.99) was kindly supplied by Makwell Plasticizers, Mumbai. Organo tin stabilizer (STS-MTM) was kindly provided by S V Plastochem Pvt. Ltd., Nashik.
Synthesis of Epoxidised Castor Oil
In 5 litre jacketed reactor, 500 g of castor oil (BSS grade) was first added followed by the addition of 325 g of resin. The reaction mixture was stirred and was cooled to 10°C. When the reaction mixture temperature reached 10-15°C, 48 ml of acetic acid was added and the stirring continued. Following this, 350 ml of H202 was then added drop wise over a period of 45 min to 1h and homogeneous mixing was ensured. After completion of H2O2 addition, the temperature was raised to 45°C and once attained, it was increased to 55°C. At the end of 5 h, the reaction mixture was cooled; ethyl acetate was added and stirred for 10 minutes, and allowed to separate. The aqueous layer with the resin was removed and the organic layer transferred to the separating funnel. 10% saturated bicarbonate solution was added to the organic layer and washed well followed by washing with saturated sodium chloride solution. The organic layer was then dried over, anhydrous sodium sulphate and solvent removed on rotavapor. Residual/traces of solvent were removed under vacuum maintaining a temperature of 60°C.
Scheme: Epoxidation of castor oil 4 Preparation of PVC/ECO Blends and Sheets
100 g of PVC was mixed with 40 g of plasticizer (ESBO and ESBO + ECO mixtures) and tin stabiliser using a disperser mill by mechanical stirring for 1 h. The PVC blends were labeled as ECO0%, ECO10%, ECO20%, ECO30%, ECO50% (refer table) . These blends were compounded into a homogeneous mixture at 150℃ for 10 min in a sigma mixer (SC Dey and Co.) and sheets (2 mm thickness) were made using a Compression molding hydraulic press (SC Dey and Co.) at 170℃ for 8 min. The specimens for mechanical tests were prepared from these sheets in a pneumatic cutter using required ASTM D die. Weight of tin stabilizer = 4 g (4% by weight of PVC).
Characterization
Acid value (A.V.), Iodine value (I.V.) and % oxirane oxygen content were determined according to ASTMD 1957-86, AOAC Official Method of Analysis, 1984, and ASTM D 1652-97 methods respectively. Moisture content was determined using Karl Fischer Titrator, Mettler toledo. The infrared spectrum of ECO was obtained with a Perkin Elmer Spectrum-100 FT-IR spectrometer at room temperature by averaging 8 scans. The spectral resolution was 4 cm -1 and the frequency range covered 4000 to 400 cm -1 . 1 H NMR spectroscopic analyses was carried out in an AVANCE-300 spectrometer (Bruker, switzerland) in CDCl3 solution at 25°C. Dynamic mechanical analyses of plasticized PVC films were done to determine the thermo-mechanical properties with increase in ECO content by using a dynamic mechanical analyzer (DMA-Q800) in the temperature range -80 to 120º C at a heating rate of 3 ºC /minute and with a film tension mode at 1 Hz. The glass transition temperature of PVC films were obtained from the peak of the tan δ curves. The tensile properties of PVC films were measured using universal testing machine (AGS-10k NG; Shimadzu Corp, Japan), with a crosshead speed of 10 mm/min -1 according to ASTMD 638 with type IV specimens. Tensile strength, elongation at break, Young's modulus of each specimen was the mean of an average value of three replicates. Notched Izod impact strength of the plasticized PVC specimens was evaluated using an Impactometer (Tinius Olsen, USA) as per ASTM D256 with a notch depth of 2.54 mm and notch angle of 45° using a 7 J hammer. Volatility measurements of PVC samples were carried out as follows. Weighted PVC samples (25 mm × 25 mm × 1 mm) were heated in an oven that was previously set at 70°C for 24 h and cooled to room temperature in a desiccator for 1 h. The weight changes were measured before and after heating. The volatility rate was calculated as the ratio of the evaporated and the initial plasticizer [12, 15] . Solvent extraction tests were based on ASTMD1239-98. The test condition was restricted at a temperature of 23 ± 2°C and 50 ± 5% relative humidity. The PVC specimens were immersed in five different solvents (distilled water, soybean oil, 10% (v/v) ethanol, 30% (w/v) acetic acid and petroleum ether). Samples were weighed and kept in 200 mL of each solvent. After 24 h, the solvent extracted PVC specimens were rinsed and then wiped up. Afterwards, all of the PVC specimens were dried under the test conditions in oven at 30°C for 24 h and reweighed. The extraction loss was calculated according to the Eq. (1):
where w1 = initial weight of test specimen, and w2 = final weight of test PVC specimen. Exudation tests of the plasticizers were carried out by placing a sample of PVC films between two pieces of vegetable parchment. The system (PVC film and vegetable parchment) was then placed in a drying oven at 40°C for 72 h. Afterward, the weight increment of the vegetable parchment and the extent of the ECO plasticizers exudation were calculated according to Eq. (1).
Results and Discussion

Epoxidation of Castor Oil
Despite its lower I.V. as compared to other vegetable oils, castor oil has been selected because it is non edible and available in India in large quantity. The parameters like the mole ratio of H2O2: double bond: Acetic acid, loading of the catalyst (with respect to the weight of oil), time of the reaction, temperature etc. have been optimized to get the maximum conversion and yield. Based on this, the optimized conditions have been arrived at (as given in the procedure). The epoxidised oil was subjected to FT-IR and NMR studies to confirm the structure.
Spectral Properties
In the FTIR spectrum of castor oil (Fig. 1 ) the double bond stretching is observed around 1648 cm -1 while the peak does not appear in the epoxidised oil. In addition, the =CH stretching vibration around 3000 cm -1 in the castor oil spectrum is found to be absent in the epoxy. However, the peaks corresponding to the epoxy group or the oxirane group is found around 821 and 842 cm -1 which confirms the conversion of the double bonds. This proves that the double bonds of castor oil have been converted to epoxy groups.
In order to confirm the chemical structure of ECO, the 1 H NMR was investigated, which is shown in Fig. 2 . The methyl protons were found at δ = 0.89 ppm (peak 1), the methylene protons [-(CH2)n-] were at δ = 1.15 ppm and δ = 1.3 ppm. A multiplet at δ 2.3-2.4 was ascribable to the methylene protons at C-11 and C-8, respectively. The proton signals in the δ = 3.3 ppm correspond to protons on the epoxy groups, which indicated that the -CH=CH-of castor oil (which appears as a multiplet at δ 5.6-5.4) reacted with hydrogen peroxide solution to give epoxidised castor oil. The peak at δ = 3.85 ppm was assigned to In the 13 C NMR spectrum of ECO shown in Fig. 3 , one can clearly see the peaks corresponding to the carbon atom of the epoxy group around 55 ppm against the peaks around 125 and 135 ppm corresponding to the olefinic carbons of castor oil [24] . The calculated mass of ECO is found to be around ~ 970-980 while the ESI-MS spectrum shows the peak around 1003 which is the M+23 (sodium ion) peak. The experimental value is around 980 (i.e., 1003-23) and it matches with the theoretical value thus confirming the molecular weight of ECO. 
Plasticised PVC
The films did not show any signs of degradation, or colour change upon incorporation of ECO. With increase in loading of ECO above 50%, PVC could not be processed easily and the sheets showed severe bleeding of ECO.
Mechanical Properties of PVC Blends
The elongation at break, tensile strength and Young's modulus of PVC blends are presented in Tab. 3. Continued increasing of the ECO concentration did not show any marked changes in the values of tensile strength as well as percent elongation. However, adding 10% ECO, the tensile strength slightly decreased compared to the neat sample which may be due to a measurement error. Hence, it can be concluded that the ECO showed good plasticization efficiency in combination with ESBO. The young's modulus increased remarkably with addition of ECO (10-50%) compared to that of film with ECO0%, indicating that increase in content of ECO can impart high level of rigidity in the plasticized PVC. The impact strength of the PVC blends showed markedly different tendency from tensile strength and elongation at break with the increase in ECO content. The impact strength of PVC / ECO blends was increased with increase in ECO loading up to 20% and thereafter it decreased in comparison with PVC / ECO0%. The remarkable increase of impact strength may be due to excellent compatibility between the PVC/ESBO + ECO blends. Tab. 3 also indicates that the blends containing ECO show slightly improved hardness than without it which means that ECO has good wettability in the PVC system. The mechanical studies suggest that the mixture of ECO and ESBO can indeed impart well balanced properties in the PVC which can be applicable for certain finished products. The volatility stability of the plasticizers ESBO + ECO in the PVC system was investigated, and the results are tabulated in Tab. 4. The volatile mass of PVC/ESBO+ECO blends with increase in ECO content from 0 to 50% in the PVC was 0.181, 0.1761, 0.1428, 0.1128 and 0.1274 respectively. This trend suggests that the volatility resistance of the PVC films is good in presence of mixed biobased plasticizers. There is a slight but not a remarkable decrease in the volatility resistance with increasing amount of ECO The migration stability of the PVC blends in 5 different solvents was investigated by the leaching tests. PVC blends samples showed different levels of migration resistance when they were immersed in different solvents. The blends showed good solvent resistance in all solvents. However, in petroleum ether, there was a weight gain for all the compositions, especially for those with higher ESBO loading probably indicating that the dissolution of Pet. ether into the PVC matrix is leading to weight gain. This may be due to the presence of OH groups in the castor oil back bone which might aid PVC to take up pet ether. Fig. 5 shows the results of DMA experiments run on PVC samples with differing amounts of ECO along with ESBO. As shown in the tan delta curve (Fig. 6 ), the addition of plasticizer lowers the glass transition (Tg) temperature of virgin PVC which is around 84.2°C indicating the compatibility of PVC and plasticizer [15] . But the values were still higher than that of the samples plasticized with 40% ESBO (45.4°C). Replacing ESBO with ECO led to increase in the Tg values. ECO-50% showed higher and sharper tan peak compared to ECO0%, with narrow range of relaxation times. All binary blends (ECO10%, ECO20% and ECO 30%) have tanδ peak max values in between these two. This shows that blends are homogeneous (miscible) and addition of ECO improves the homogeneity. A reduction of sharpness and height of the tan peak is due to the restriction of the chain mobility in the polymer [25] . Therefore, increasing the ECO content of the blend increases the chain mobility in the PVC matrix and led to sharper peaks and height increment of tanδ during dynamic mechanical deformation.
Below the Tg, all the compositions show almost the same modulus. However, the extent of the decrease in the modulus was found to vary with ECO loading. It is known that the extent of decrease in stiffness and changes in the softness of the plasticized PVC depend on both the level of plasticization and the nature of the plasticizer [26] . With the introduction of ECO into the polymer system, the drop in the storage modulus decreased with temperature and the curves were less steep with higher loading of ECO. This implies that the addition of ECO is not softening the polymer.
Conclusion
A biobased plasticizer was synthesized by epoxidation of castor oil using an acidic cation exchange resin. The structure of the epoxidised oil was confirmed by proton NMR, 13 C NMR and ESI-mass spectroscopy. The oxirane value was found to be around 4.6-4.7. The ECO was blended with PVC using a melt mixer to act as a plasticizer during processing. The efficiency was evaluated by comparing it with well know plasticizer-namely ESBO. There was no significant change in the tensile strength or elongation, however, the modulus increased remarkably. The impact strength was found to increase upto 20% and then on gradually decreased. The exudation loss was more and volatility less compared with the control whereas all compositions with ECO showed a weight gain in Petroleum ether. Based on the dynamic mechanical tests, it was concluded that the addition of plasticizer raised the glass transition (Tg) temperature and ECO50% showed a narrow tan peak compared to ECO0%. Hence, the reported plasticizer can be used for developing rigid PVC pipes and profile applications like doors and windows. These results indicate that ECO could be used as a secondary plasticiser for PVC with ESBO at lower levels without any adverse effect on the processing of PVC and its mechanical properties.
